WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 





PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 5 : 
H01M 8/12, C04B 35/50 



A2 



(11) International Publication Number: 
(43) International Publication Date: 



WO 91/09430 

27 June 1991 (27.06.91) i 




(2«£ten.ational Application Number: PCT/US90/07075 (74) Agent: RUZEK, Peter, R.; United Technologies Corpora- 1 
(22)TCMemational Filing Date: 4 December 1990 (04.12.90) ! ^ **** Department ' Hartford > CT 06101 (US). 1 



ioriiy data: 
450,420 



14 December 1989 (14.12.89) US 



(71) Applicant: INTERNATIONAL FUEL CELLS CORPOR- 
ATION [US/US]; 195 Governor's Highway, South 
Windsor, CT 06074 (US). ^ * ' 

(72) Inventors: MARICLE, Donald, L. ; 226 Forest Lane, Glas- 
tonbury, CT 06033 (US). SWARR, Thomas, E. ; 23 Al- 1 
pine Drive, South Windsor, CT 06074 (US). TULLER, 
Harry, L. ; 356 Walnut Street, Wellesley Hills, MA 02181 
(US). 



(8I)Designated^tetes: AT (European patent), BE (European 
■P^«^9 I JP un, P eai1 Patent), DE (European pa- 1 
l cnt 2 $ £rL DK ( Eur °P ea n patent), ES (European pa- 
tent), FR (European patent), GB (Europeanoatent), GR 
(European patent), IT (European patent)pPJLU (Euro- 
pean patent)* NL (European patent), SE XfiOropean pa- 
lent/. ' 

Published 

Without international search report and to be republished 
upon receipt of that report 1 



(54) Title: CERIA ELECTROLYTE COMPOSITION 



( » 



<x¥o 



CD 




1 

in 

pt 



O-OOQ 



■ ■ I i i i i I i i i i i , i i i i i i i i i i i i i i i i i x i § i i i r 
0.020 0.030 O.OJO CLOSV 

*,jroAf/c jye#e7?&Af s£co//j>^jey vosw/fr 



Ml|l| 

O.060 



(57) Abstract 



A ceria elertrolyte composition is disclosed. The composition provides high ionic conductivity and low electronic conduc- 
tivity under reducing conditions. Fuel cells employing the disclosed composition exhibit improved efficiency and powerSty 
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Description 

Ceria Electrolyte Composition 



Technical Field 

This invention relates to solid electrolyte fuel 
cells and electrolytic cells and more particularly, to 
electrolyte compositions for use in solid electrolyte 
fuel cells and electrolytic cells. 

Background of the Invention 

A fuel cell is a device for directly converting 
the chemical energy of the fuel into electrical power. 
A fuel cell comprises an anode, a cathode, and an 
electrolyte disposed between the two electrodes. 

In the operation of a typical fuel cell, fuel gas 
is fed to a porous anode and an oxidant gas is fed to 
15 a porous cathode. The reactant gases diffuse through 
the electrodes and electrochemically react to yield 
water, heat, and electrical energy. At the anode, the 
fuel gives up electrons in an electrochemical 
oxidation reaction. The electrical current so 
generated is conducted from the anode through an 
external circuit to the cathode. At the cathode, the 
electrons are electrochemically combined with the 
oxidant, a flow of ions through the electrolyte 
completes the circuit. 

Fuel cells may be categorized according to the 
type of electrolyte used. Four types of fuel cells 



20 



SUBSTITUTE SHEET 



10 



WO 91/09430 

PCT/US90/0707S 
- 2 - f 

are generally considered to be in the mainstream of 
the technology: alkaline fuel cells, acid fuel cells, 
molten carbonate fuel cells and solid electrolyte fuel 
cells. 

5 Solid electrolyte fuel cells operate at high 

temperature and allow direct consumption of 
hydrocarbon fuels to provide a high power density. 
Solid electrolyte fuel cells also eliminate liquid 
electrolyte containment problems. 

The use of ceria compositions as the electrolyte 
in solid electrolyte fuel cells is known, see, e.g., 
Tuller, H.L. and Nowick, A.S., "Doped Ceria as a Solid 
Oxide Electrolyte", Journal of the Electrochemical 
Society: Solid-state Science, Volume 122, No. 2,225 
(February 1975) . a ceria electrolyte offers a high 
ionic conductivity at temperatures in the range of 6.00 
to 1000-c. However, in a reducing atmosphere such as 
that encountered on the hydrogen electrode side of the 
electrolyte, a conventional ceria electrolyte becomes 
an electronic as well as an ionic conductor, and 
allows short circuiting across the electrolyte. The 
short circuiting reduces the performance of the fuel 
cell. 

What is needed in the art is a way to eliminate 
or reduce these losses so that ceria electrolyte 
compositions may find practical application in fuel 
cell power plants. 
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Disclosure of the Invention 

An electrolyte composition is disclosed. The 
composition comprises: 



Ce M D 0^ 
x y z 2-d ' 
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wherein: 

* is a primary dopant chosen from the group 
consisting of Pr,Nd,Pm,Sm,Eu,Gd,Tb,Dy,Ho,Er,Tm, Y b , 
Lu,Sc,Y,La and Ca 

5 D is a secondary dopant chosen from the group 

consisting of Pr /S m,Eu, Tb,Fe, Co and Ni, 
M ^ D, 

M is present in an amount mole fraction y 
sufficient to increase the ionic conductivity of the 
10 composition, 

D is present in an amount, mole fraction z, 
sufficient to decrease the electronic conductivity of 
the composition under reducing conditions, and about 
0.05 < d < about 0.30. 

•5 The composition of the present invention provides 

high xonic conductivity and low electronic 
conductivity under reducing conditions. 

A fuel cell is disclosed. The fuel cell 
comprises an anode, a cathode, and a solid electrolyte 
between the anode and cathode, wherein the solid 
electrolyte comprises the composition described above. 

A process for generating electricity is also 
disclosed. The process comprises providing a fuel 
cell, wherein the fuel cell comprises the fuel cell 
described above, supplying a fuel to the anode of the • 
fuel cell, supplying an oxidant to the cathode side of 
the fuel cell, and electrochemically reacting the fuel 
and the oxidant to provide an electrical current. 

Brief Description of the Drawings 

Figure i shows a cross sectional view of a fuel 
cell of the present invention; 

Figure 2 shows a plot of log total conductivity 
as a function of oxygen partial pressure; 
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Figure 3 shows a plot of electronic conductivity 
vs. secondary dopant level for a number of electrolyte 
compositions ; 

Figure 4 shows a plot of electrolytic domain 
5 boundary vs. secondary dopant level for a number of 
electrolyte compositions; 

Figure 5 shows a plot of fuel cell voltage and 
electronic short circuit current vs. current density 
for two electrolyte compositions; 
10 Figure 6 shows a plot of cell efficiency and 

power density vs. current density for two electrolyte 
compositions. 



Description of the Preferred Embodiment 

The ceria electrolyte composition of the present 
15 invention comprises: 

Ce x M y D Z°2-d. 

wherein: 

M is a primary dopant chosen from the group 
consisting of Pr,Nd,Pm,Sm,Eu r Gd,Tb / Dy,Ho, 
20 Er,Tm,Yb,Lu,Sc, Y,La and Ca, 

D is a secondary dopant chosen from the group 
consisting of Pr,Sm,Eu,Tb,Fe, Co and Ni, 
M D, and 

x, y, z and 2-d are coefficients denoting the 
25 atomic fractions of the respective components and 

fall within the ranges set out below. 

The primary dopant is chosen to increase the 
ionic conductivity of the electrolyte relative to 
ceria compositions lacking the primary dopant. 
30 Suitable primary dopants are known in the art. 

Preferably, the primary dopant, M, is chosen from the 
group consisting of Gd, Y, Ca, Sm, La, Nd and Sc. 
More preferably, M comprises Gd, Sm, Ca or Y. Most 
preferably, M comprises Gd. 
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The secondary dopant, D, is chosen to decrease 
the electronic conductivity of the electrolyte 
composition under reducing conditions, relative to the 
electronic conductivity of ceria compositions lacking 
the secondary dopant. Suitable secondary dopants, D, 
comprise elements which reduce more easily than Ce. 
Preferably, the secondary dopant has an ionic radius 
similar to that of Ce. Most preferably, D comprises 
Pr or Sm. 

Specific examples of the composition of the 
present invention include: 

Ce x Gd y Pr z°2-d. 
Ce x GdySm 2 0 2 _ d , 



Ce x Gd y Eu z 0 2 _ d , 

Ce x Gd y Tb z°2-d. 

Ce x Gd y Fe 2 °2-d. 
Ce x Gd y Co z 0 2 _ d , 

Ce x Gd y Ni z°2-d. 

Ce x Y y Pr z°2-d. 

Ce x Y y Sm z°2-d. 

:e x Y y EU z°2-d' 
:e x Y y Tb z°2-d' 
:e x Y y Fe z 0 2-d. 
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Ce x Y y Co z°2-d. . , 

Ce x Ca y Pr z°2-d. 

Ce x Ca y Sm z°2-d' 
Ce x Ca y Eu z 0 2 _ d , 

Ce x Ca y Tb z°2-d. 
Ce x Ca y Fe z°2-d. 
Ce x Ca y c ° z °2-d. 

Ce x S V r z°2-d. 
Ce x S V U Z°2-d- 
Ce x S V b z°2-d- 
Ce x Sm y Fe z°2-d' 
Ce x Sm y C °z°2-d' 

and Ce x Sm y Ni z 0 2 _ d wherein x,y,z and d are 
within the ranges set out below. 

The atomic fraction of Ce, x, is within the range 
of about 0.7 to about 0.9 and preferably falls within 
the range of about 0.75 to about 0.85. 

The atomic fractions of the primary dopant, y, 
and the atomic fraction of the secondary dopant, z, 
are chosen to the maximize ionic "conductance of 'the 
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electrolyte and minimize the electronic conductance of 
the electrolyte under reducing conditions. The atomic 
fraction of primary dopant in the present composition, 
y, is preferably within the range of about 0.1 to 
5 about 0.3 and most preferably falls within the range 

from about 0.15 to about 0.25. The atomic fraction of 
secondary dopant in the present composition, z, is 
preferably within the range of about 0.001 to about 
0.1 and most preferably falls within the range of 
10 about 0.01 to about 0.05. 

The atomic fraction of oxygen in the present 
composition, 2-d, varies with the oxidation states of 
the primary and secondary dopants, with atomic 
fractions y and z and with oxygen partial pressure. 
An oxygen vacancy is formed for each divalent dopant 
atom, one half of an oxygen vacancy is formed for each 
trivalent dopant atom and no oxygen vacancy is formed 
for each quadravalent dopant atom. The atomic 
fraction of oxygen in the composition of the present 
invention typically ranges from about 1.7 to about 
1.95 and most typically ranges from about 1.895 to 
about 1.9. Values for d may therefore typically range 
from 0.05 to about 0.30 and most typically range from 
0.1 to 0.105. 

The ceria electrolyte of the present invention 
may be made by conventional solid state techniques. 
Inorganic precursor materials are mixed and reacted to 
form a product of the desired composition. Precursor 
materials comprise compounds which decompose under 
suitable conditions to yield reactants which are then 
reacted to form the ceria electrolyte product. The 
relative amount of each precursor material in the 
mixture is chosen to provide a product having the 
desired molar composition. 
35 In a Preferred process, stoichiometric amounts of 

water soluble inorganic precursor materials are 
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combined to form an aqueous solution. Reactants are 
precipitated from the solution. The precipitate is 
filtered, dried and ground to form a fine powder. The 
powder is then calcined in air. The calcined powder is 
pressed and sintered to form the ceria electrolyte 
composition. 

The ceria electrolyte of the present invention is 
used as the electrolyte in a solid electrolyte fuel 
cell. , A solid electrolyte fuel cell of the present 
invention is shown in Figure l and comprises an anode 
2, a cathode 4 and a ceria electrolyte 6 of the 
present invention between the anode 2 and cathode 4, 
an external circuit 8 electrically connecting the 
anode 2 and the cathode 4, a first flow field 10 
having passages 12 for directing reactants to and 
reaction products away from the anode 2, and a second 
flow field 14 having passages 16 for directing 
reactants to and reaction products from the cathode 4. 

The fuel cell • is operated at pressures between 1 
and 10 atm and temperatures between 600 *C - 1000'C to 
generate an electrical current by electrochemically. 
reacting the fuel and oxidant streams. Key fuel cell 
performance parameters include current density, cell 
voltage, and power density and cell efficiency. 

Current density is defined as the current 
generated per unit cross sectional area of the 
electrolyte expressed in milliamps/square centimeter 
(mA/cm2) . Cell voltage is defined as the voltage 
generated by the cell expressed in volts (V) . Power 
density is defined as the power generated per unit 
cross sectional area of the electrolyte, expressed as 
watts/square centimeter (w/cm 2 ) . Cell efficiency is 
defined as DC power produced/standard enthalpy of fuel 
electrochemically converted. 

The electrolyte composition of the present 
invention provides high ionic conductance but exhibits 
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low electronic conductivity at low 0 2 partial 
pressures. Preferably, the electrolyte of the present 
invention exhibits an electrolytic conductivity of 
less than about 0.3 S/cm at an 0 2 partial pressure of 
5 about l x lo~ 23 atm. The behavior of the electrode of 
the present invention with regard to 0 2 partial 
pressure may be characterized by reference to an 
electrolytic domain boundary value. The electrolytic 
domain boundary is defined as the 0 2 partial pressure 
at which the electronic conductivity of the 
electrolyte equals the ionic conductivity of the 
electrolyte. Preferably, the electrolyte of the 
present invention exhibits an electrolytic domain 
boundary of less than about 5 X 10~ 19 atm 0 2 at 700 *C. 
Most preferably, the electrolyte of the present 
invention exhibits an electrolytic domain boundary of 
less than about 5 X lo" 20 atm 0 2 at 700 «c. The low 
electrolytic domain boundary of the electrolyte 
provides performance advantages to fuel cells in which 
the electrolyte is employed. Since the electrolyte of 
the present invention provides low electronic 
conductivity and high ionic conductivity at low 0 
partial pressures, short circuiting across the 
electrolyte is reduced. Power and efficiency losses 
which result from short circuiting are correspondingly 
reduced . 

The basis for the electronic conductivity of a 
conventional ceria electrolyte appears to be a 
departure from stoichiometry in the ceria as it is 
30 reduced under low 0 2 partial pressures. 

The reaction may be expressed as: 

0 o - V c + 2e + 1/2 0 a( • 
where: 



20 



25 



0 

35 and 



Q is an oxygen site in the ceria electrolyte, 
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V o is a vacant positively charged site in the 
ceria electrolyte. 

Reduction converts an oxygen to a vacant site 
plus two free electrons. Movement of the free 
electrons through the electrolyte provides the 
mechanism for internal short circuiting of the 
electrolyte. 

While not wishing to be bound by any particular 
theory, it is believed that the secondary dopant, D, 
of the composition of the present invention minimizes 
the electronic conductivity of the composition by 
trapping electrons, i.e. by reducing the net total of C 
mobile electrons in the composition. 

15 EXAMPLE i 

52.11 grams Ce(N0 3 ) 3 6H 2 0, 10.56 grams Gd(NO ) 
and 0.65 grams Pr(N0 3 ) were combined, dissolved in * 
distilled water and diluted to form a 0.3M nitrate 
solution. The nitrate solution was added dropwise to 
a bath of 0.3M ammonium oxalate to precipitate the Ce, 
Gd and Pr reactants. Additions of io% nh 4 oh were made' 
to maintain the pH between 6.5 and 7.0. After all the 
nitrate solution had been added to the bath, 

additional NH^OH is added to raise the pH of the ^ 

25 solution to 7.5 to ensure complete precipitation. The 

precipitate was filtered, oven dried at 140'C and 

crushed in a porcelain mortar and pestle to form a 

fine powder. The powder was calcined in an alumina 

crucible in air at 750 -C for 16 hours. The calcined 

30 powder was mixed with 0.3 wt % polyvinyl alcohol as a 

binder. The mixture was pressed at 20OMPa, crushed, 

reground and finally repressed at 40OMPa to form 

wafers. The wafers were sintered at temperatures 

between 1300'C and 1525"C to form wafers having a 

35 nominal composition of Ce„ Gd Pr n 

0.8 0.19 rr 0.01 o 2-d. 
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Wafers having a nominal composition: 

Ce 0.8 Gd 0.2°2-d 

were also prepared by a process analogous to the 

process described above* 

5 Conductivity measurements were made using the 

A.C. impedence technique. Figure 2 shows total 

conductivity (S/cm) of each composition as a function 

of 0 2 partial pressure (ata) at 700°C. The 

electrolytic domain boundary of the Ce^ «Gd^ o 

-tq °* 8 °» 2 1*9 

10 composxtxon was about 8 X 10 atm 0 . The 

electrolytic domain boundary of the 
Ce 0.8 Gd 0.19 Pr o.01°2-d com P° s ition was 4.6 X IcT 21 
atm 0 2 . 

EXAMPLE 2 

!5 Wafers having nominal compositions: 

Ce 0.8 Gd 0.2- Z Pr Z °2-d and 

Ce 0.8 Gd 02-z Sln z 0 2-d' 
where: 0 < z < 0.06 and 

0.07 < d < 0.1 

20 were prepared by processes analogous to the process 
described in Example 1. 

Figure 3 shows a plot of electronic conductivity 
under reducing conditions (P Q2 = l x lo" 23 atm) versus 
atomic fraction of secondary dopant for the above 

25 described wafers at 700 *C. 

With regard to the Ce 0 Q Gd Qt 2 _ z Pr z 0 2 _ d 
compositions, the electronic conductivity reaches a 
minimum of about 0.18 S/cm at a mole fraction Pr of 
about 0.010. The results obtained using Sm as a 
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secondary dopant were in agreement with those obtained 
using Pr as the secondary dopant. 

Figure 4 shows a plot of electronic domain 
boundary (atm o 2 > versus atomic fraction of secondary 
5 dopant for the above described wafers at 700 «c. The 
electronic domain boundary of the Ce n Q Gd Pr o 
compositions, fell below about SXlO^^at^loAt^ic 
fractions of Pr of greater than about o.ooi. The 
results obtained using sm as the secondary dopant were 
10 m agreement with those using Pr as the secondary 
dopant. J 

EXAMPT.W -i 

The conductivity data collected in Example I were 
used to calculate the performance of fuel cells using 
15 each of the electrolyte compositions. The 

calculations were based on a fuel cell having a 0.005 
inch thick electrolyte layer operated at 710-c with 
negligible electrode losses. The method of 
calculation is conventional in the art, e.g see 

20 ^! erally ' P - N * ROSS < Jr « and Benjamin, ..Thermal 

Efficiency of Solid Electrolyte Fuel Cells with Mixed 
Conduction", Journal of Power Sources 1 (1976/771 
311-321. '"I . 

Figure 5 shows a plot of calculated cell voltage 
5 and calculated electronic short circuit current versus 
current density at 710-c. a fuel cell having an 
electrolyte of the present invention exhibits an 
electronic short circuit current that is substantially 
lower than the short circuit current exhibited by fuel 
cell having a Ce^Gd,^ electrolyte at current 
densities less than 2000 ma/cm 2 . 

Figure 6 shows a plot of calculated cell 
efficiency and calculated power density versus current 
density at 710-c. A fuel cell having an electrolyte 
composition of the present invention exhibits a 
maximum cell efficiency of about 0.48 at a 
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current density of about 750A/cm 2 , while a cell having 
a Ce 0.8 Gd 0.2°2-d electrolyte exhibits a maximum cell 
efficiency of about 0.4 at a current density of about 
1000 mA/cm 2 . 

5 A fuel cell having an electrolyte of the present 

invention exhibits a maximum power density of about 
1.2 w/cm at a current density of about 2400 mA/cm 2 at 
710 *c, while a fuel cell having Ce Q 8 Gd Q 2 o 2 
electrolyte exhibits a maximum power density of about 
10 0.9 w/cm at a current density of about 200a mA/cm 2 at 
710°C. 

The electrolyte composition of the present 
invention provides high ionic conductivity and reduced 
electronic conductivity under low oxygen partial 
15 pressures. Fuel cells employing the electrolyte 

composition of the present invention will exhibit 
improved efficiency and higher power density relative 
to fuel cells employing conventional ceria electrolyte 
compositions, due to a reduction in short circuiting 
between the electrodes of the fuel cell. 

While preferred embodiments have been shown and 
described, various modifications and substitutions may 
be made thereto without departing from the spirit and 
scope of the invention. Accordingly, it is to be 
25 understood that the present invention has been 

described by way of illustrations and not limitation. 
What is claimed is: 
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1. An electrolyte composition, comprising: 

Ce M D 0 
x"y z 2-d' 

wherein: 

M is chosen from the group consisting of 
and Ca, 

D is chosen from the group consisting of 
Pr,Sm,Eu,Tb,Fe,Co and Ni, 
M 7^ D, 
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M is present in an amount, mole fraction y 
effective to increase the ionic conductivity of the ' 
composition, 

D is present in an amount, mole fraction z, 
effective to decrease the electronic conductivity of 
the composition under reducing conditions, and about 
0.05 < d < about 0.30. 

2. The composition of claim l, wherein the 
composition exhibits an electrolytic domain boundary 
of less than 3 X lo" 19 atm 0 2 at about 700'c. 

3. The composition of claim i, wherein the 
composition exhibits an electronic conductivity of 
less than 0.8 s/cmat an oxygen partial pressure of 
less than 3 X lo" 19 a tm o 2 at about 700 «c. 

4. The composition of claim l, wherein: 

M is chosen from the group consisting of 
Gd,Y,Ca,Sm,La,Nd and Sc. 
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5. The composition of claim 4, wherein: 

M is chosen from the group consisting of Gd,Sm,Ca 
and 

D is chosen from the group consisting of Pr and 

5 Sm. 



The composition of claim 1, wherein: 
about 0.7 < x < about 0.9, 
about 0.1 < y < about 0.3, 
about 0.001 < 2 < about 0.1, and 
about 0.1 < d < about 0.30. 

The composition of claim 6, wherein: 
about 0.75 < x < about 0.85, 
about 0.15 < y < about 0.25, and 
about 0.01 < z < about 0.05. 

A fuel cell, comprising: 
an anode; 
a cathode; and 

a solid electrolyte between the anode and the 
5 cathode, said electrolyte comprising: 

^x^y^^-d 1 wherein: 

M is chosen from the group consisting of 

Pr ,Nd, Pm, Sm, Eu, Gd, Tb , Dy, Ho , Er, Tm, Yb, Lu, Sc, Y , La 
and Ca, 

10 D is chosen from the group consisting of 

Pr,Sm,Eu,Tb,Fe,Co and Ni, 
M ? D, 

M is present in an amount, mole fraction y, 
effective to increase the ionic conductivity of the 
15 composition, 

D is present in an amount, mole fraction z, 
effective to decrease the electronic conductivity of 
the composition under reducing conditions, and about 
0.05 < d < about 0.30. 
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The fuel cell of claim 8, wherein the fuel cell 
exhibits improved power density and efficiency. 

10. The fuel cell of claim 9, wherein: 

M is chosen from the group consisting of 
Gd,Y,Ca,Sm,Th,La,Nd and Sc. 

11. The fuel cell of claim 8, wherein: 

M is chosen from the group consisting of Gd,Sm,Ca 
and Y and D is chosen from the group consisting of 
Pr and Sm. 

12. The fuel cell of claim 8, wherein: 
about 0.7 < x < about 0.9, 

about 0.1 < y > about 0.3, 
about 0.01 < z < about o.l, and 
about 0.1 < d < about 0.30. 

13. A method for generating electricity, comprising: 

providing a fuel cell, said fuel cell comprising: 
an anode; 
a cathode; and 
a solid electrolyte between the anode and the cathode, 
said electrolyte comprising: 

Ce ^y D e°2-d. 
wherein: 

M is chosen from the group consisting of 
p ^Nd,Pm,Sm,Eu,Gd,Tb,Dy,Ho,Er,Tm,Yb,Lu,Sc,Y,La 

and Ca, 

D is chosen from the group consisting of 
Pr,Sm,Eu,Tb,Fe,Co and Ni, 

M is present in an amount, mole fraction y, 
effective to increase the ionic conductivity of 'the 
composition, 
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D is present in an amount, mole fraction z, 
effective to decrease the electronic conductivity of 
20 the composition under reducing conditions, and 
about 0.05 < d <, about 0.30; 

supplying a fuel gas to the anode; 
supplying an oxidant gas to the cathode; and 

electrochemically reacting the fuel gas and the 
25 oxidant gas in the fuel cell at a temperature between 
about 600 *c and 

about 1000 °c and a pressure between about l atm and 10 
atm to produce electricity. 

14. The method of claim 13, wherein: 

M is chosen from the group consisting of 
Gd,Y,Ca,Sm,Th,La,Nd and Sc. 

15. The method of claim 13, wherein: 

M is chosen from the group consisting of. Gd,Sm,ca 

and Y, 

and 

5 D is chosen from the group consisting of Pr and 

Sm. 

16. The method of claim 13, wherein: 
about 0.7 < x < about 0.9, 
about 0.1 < y < about 0.3, 
about 0.001 < 2 < about 0.1, and 
5 about 0.1 < d < about 0.30. 
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